ABSTRACT Posttranslational modifications and intracellular transport of the D2-cell adhesion molecule (D2-CAM) were examined in cultured fetal rat neuronal cells. Developmental changes in biosynthesis were studied in rat forebrain explant cultures. Two D2-CAM polypeptides with Mr of 187,000-210,000 (A) and 131,000-158,000 (B) were synthesized using radiolabeled precursors in cultured neurons. A and B were found to contain only N-linked complex oligosaccharides, and both polypeptides appeared to be polysialated as determined by [14C]mannosamine incorporation and precipitation with anti-polysialic acid antibody. The two polypeptides were sulfated in the trans-Golgi compartment and phosphorylated at the plasma membrane. D2-CAM underwent rapid intracellular transport, appearing at the cell surface within 35 rain of synthesis. A and B were shown to be integral membrane proteins as seen by radioiodination by photoactivation employing a hydrophobic labeling reagent. In rat forebrain explant cultures, D2-CAM was synthesized as four polypeptides: A (195,000 Mr), B (137,000 Mr), C (115,000 Mr), and a group of polypeptides in the high molecular weight region (HMr) between 250,000 and 350,000. Peptide maps of the four polypeptides yielded similar patterns. Biosynthesis of C and HMr increased with age, relative to A and B. A and B were sulfated in embryonic brain, however, sulfation was not noticeable at postnatal ages. Phosphorylation, on the other hand, of A and B was observed at all ages examined. We suggest that D2-CAM function may be modified during development by changes in the relative synthesis of the different polypeptides, as well as by changes in their glycosylation and sulfation.
been shown to be important in the organization of the extracellular matrix of many cell types (10-12). Sulfated proteoglycans have been identified in the in vitro substrate adhesion sites of glial cells, fibroblasts, epithelial cells, and neurons (l l, 13, 14) . Phosphorylation is another common protein modification known to modulate enzyme activity and to regulate neurotransmission (l 5). Because D2-CAM is presumably involved in cell-cell interactions, these modifications could be highly significant to its functional role.
We also established a rat forebrain explant culture system to study age-dependent alterations in D2-CAM biosynthesis. One advantage of this culture system in contrast to monolayer cultures is that biosynthesis can be examined in a complex tissue at various ages. Furthermore, in this system different cell types are preserved with their intercellular connections intact.
Although D2-CAM is presumed to function in cell adhesion its mode of action has not been explained. A homophilic type of binding has been proposed (16) , which implies that the molecule interacts with itself. However, more recent studies show that two to three discrete D2-CAM polypeptides can be synthesized at all ages (1, 17) . Their association and possible interaction is at present unknown.
Our data allow the following conclusions: D2-CAM is Nlinked glycosylated, including sialation and polysialation. Furthermore, it is shown that the A and B polypeptides of D2-CAM are sulfated in the trans-Gol~ compartment and phosphorylated at the plasma membrane. D2-CAM is rapidly transported intracellularly and appears on the cell surface 35 min after synthesis. Both the A and B polypeptide are integral membrane proteins. Biosynthesis of the A and B polypeptide decreases with age, whereas biosynthesis of a polypeptide of Mr 115,000 (C) and a group of polypeptides in the high molecular weight region (HM~) increase. Sulfation of A and B is only observed in embryonic brain. Phosphorylation, on the other hand, is observed at all ages examined.
MATERIALS AND METHODS
Materials: Dulbecco's modified Eagle's medium (DME), methioninefree DME, basal minimal essential medium, and mycoplasma-free horse serum were obtained from GIBCO Laboratories (Grand Island, NY). Low glucose (200 ag/ml) and phosphate-free DME were obtained from Statens Serum were from Seikagaku (Tokyo, Japan). Swine serum was from DAKO-Immunoglobulins. Concanavalin A (Con A)-Sepharose, wheat germ aggiutinin (WGA)-Sepharose, Helix Pomatia (H Pomatia)-Sepharose and Protein A-Sepharose were from Pharmacia (Uppsala, Sweden). Rabbit immunoglobulins raised against rat brain D2-CAM were purified as described (18) .
Horse antiserum against E. coil polysialic acid (PSA) residues (anti-PSA) was a generous gift from R. A. Troy (University of California) and J. Robbins (National Institutes of Health). . t251-Nal (carrier-free) was obtained from New England Nuclear (Boston, MA). X-Omat (XLI) film was from Eastman Kodak Co. (Rochester, NY); Ultrofilm QH) was from LKB Produkter (Bromma, Sweden).
Cell Culture Methods:
The procedure for the culture of day [15] [16] fetal rat brain neurons has previously been described (1) . Briefly, mechanically disrupted fetal brain cells were plated in DME containing 10% horse serum in poly-L-lysine-coated culture flasks. After a 24-h incubation at 37"C, media were changed to serum-free DME containing serum-substituting factors as described by Bottenstein et al. (19) . Ceils were radiolabeled after 6 d in culture and subsequently harvested. D2-CAM was isolated as previously described (1) . Briefly, cells were harvested in phosphate-buffered saline (PBS) containing 2 mM PMSF and 100 U/ml aprotinin (PBS-PMSF-aprotinin) at 4"C, pelleted by centrifugation (10,000 g for 10 min), and solubilized with extraction buffer (Tris-barbital buffer 0.07 M with regard to Tris, pH 8.6, containing 4% vol/vol Triton X-100, 2 mM PMSF, and 100 U/ml aprotinin). The amount of radioactivity incorporated into total protein was determined by precipitation with trichloroacetic acid, and D2-CAM was isolated by immunoprecipitation in agarose gel. lmmunoprecipitates were detected visually without staining of the gel; gels were alternately rinsed in distilled water and pressed with filter paper several times. In some cases, the gel was dried under warm air after rinsing and pressing and submitted to autoradiography on Ultrofilm QH). This confirmed the coincidence of the radioactive peaks and the immunoprecipitate peaks detected by eye. Gels were reswollen in H20 and precipitates were excised and submitted to SDS PAGE.
Explant Cultures: Cerebral cortices were taken from rats of various ages and dissected by hand into cubes of -1 mm 3. An explant culture consisted of 20 cubes, which were placed on a Falcon stainless-steel grid and transferred to a Falcon organ culture dish containing 800 #l medium, aprotinin (100 U/ ml), and radioisotope. After labeling tissue suspensions were centrifuged at 10,000 g for l0 min and the pellets were solubilized with extraction buffer and D2-CAM was isolated as described above.
Isolation of Antigens Reacting with Anti-PSA:
Protein ASepharose (25 ul) was incubated with 24 ul of anti-PSA for 20 rain at 4°C, and subsequently washed in PBS, 0.05% wt/vol BSA, 0.05% vol/vol Tween 20, pH 7.4. Cell extract (20 ul) radiolabeled with [3SS]methionine was incubated with the anti-PSA-Sepharosc beads for 30 rain at 4*C. The unbound fraction was removed. After extensive washing of the anti-PSA-Sepharose beads, the bound fraction was eluted with SDS PAGE sample buffer.
Polysialic acid antigens were also immunoisolated by immunoprecipitation in gel using anti-PSA as described previously for anti D2-CAM (l). Comparison between anti-PSA and anti-D2-CAM was performed using crossed immunoelectrophoresis with intermediate gel (20) .
SDS PAC, F:
The excised immunoprecipitates were submitted to electrophoresis on 3.7-17% gradient polyacrylamide gels as previously described (1) . Aliquots of the immunoprecipitates were assayed for radioactivity. Gels were stained with Coomassie Brilliant Blue in 7% acetic acid and 40% methanol, destained in 7% acetic acid and 40% methanol, and dried on dialysis membranes. Gels were submitted to autoradiography or fluorography as described (1) . The activity of B-emitting isotopes QH, 35S, 32p, t(C) in individual SDS polyacrylamide gel bands was determined as described ( l ). For 12sI, total activity was determined directly by counting excised bands.
Biosynthetic Labeling of D2-CAM in Cultured Fetal
Neuronal Cells: Cell monolayers were rinsed once in PBS and preincubated for 30 min in the appropriate labeling medium without isotope; cultures labeled with 32po( were rinsed with phosphate-free DME. Radioisotopes were added to labeling media on cell monolayers (26 cm 2 per flask) for times indicated in the text: [35S]methionine (400 uCi in l ml methionine-free SSF-DME per flask), [3H]glucosamine (200 uCi in 1 ml of low-glucose DME per flask), [t4C]-mannosamine (5 uCi in 1 ml of low-glucose DME per flask), [3H]fucose (200 uCi in 2 ml low-glucose DME per flask), 3nSO4 (400 taCi in 1.5 ml of sulfatefree basal minimal essential medium per flask), and inorganic 32po4 (1 mCi in I ml of phosphate-free DME per flask). Cells were rinsed twice with PBS at 37"C between pulse and chase periods. Chase incubations were performed in serum-substituting factor-DME. Radiolabeling was terminated by rinsing cells with ice-cold PBS-PMSF-aprotinin. In experiments employing drugs during labeling, drug preincubations were performed: tunicamycin (10 ~@/ml, 100 min) monensin (10 4 M, 45-60 rain), and cycloheximide (l mg/ml, 40 min). The same drug concentrations were added to pulse and chase media.
Biosynthetic Labeling of D2-CAM in Explant
Cultures: Isotopes used were 400 t~Ci [3SS]methionine, 400 uCi 3sSO( or 800 #Ci a2po~ per explant culture. Cultures were incubated for 5-6 h at 37"C in 5% CO2. Labeling was terminated by removing the medium and triturating the tissue in a glass syringe in 1 ml of PBS, 5 mM EDTA, 0.2 mM PMSF, 1 #M N-a-tosyl-I-lysine chloromethyl ketone, 100 mM iodoacetamide, and 20 #g/ml pepstatin.
Isolation of Cell Surface Localized D2-CAM by Means of
Antibodies: After radiolabeling for various times, cell monolayers were rinsed twice in PBS at 4"C. Cell monolayers of 26 cm 2 were incubated for 20 min on ice with 1.0 ml of chilled PBS-PMSF-aprotinin, containing 20 ~l of anti-D2-CAM antibodies and 200 ~l swine serum (carrier protein). Antibodycontaining PBS was removed and monolayers were rinsed three times with PBS-PMSF-aprotinin at 4"C. Cells were harvested as described above. Cells from each flask were solubilized in 140 #l of extraction buffer, which contained 40 ul of perinatal forebrain extract (solubilized l:l, wt/vol, in extraction buffer); this was done to block surplus anti-D2-CAM antibody from binding intracellular D2-CAM during solubilization. Solubilized complexes of anti-D2-CAM + surface localized D2-CAM were isolated on Protein A-Sepharose (21) .
Trypsin Treatment of Surface D2-CAM on Cultured Cells:
Cell monolayers were rinsed twice with PBS at 37"C and incubated with l ml of 0.5 mg/ml trypsin in PBS containing 0.2 mg/ml EDTA for l0 min at 37"C. Subsequently, cells were detached from the plastic surface of the culture flask by tapping. 1 ml of soybean trypsin inhibitor (1.0 mg/ml PBS) was added to the ceils, which were subsequently pelleted (500 g for 5 min) and rinsed in PBS.
£ectin Binding of D2-CAM: Con A, WGA, or H Pomatia bound to Sepharose beads were equilibrated in l0 mM Tris-HCl buffer, pH 7.4, containing 0.05% vol/vol Tween-20 and 1% wt/vol BSA. Aliquots of cell extract (15 #l) were incubated with 50-75 #l of beads for 18 h at 4"C. After extensive washing in equilibration buffer, bound glycoproteins were eluted with Tris-barbital buffer (see immunoisolation subsection above) containing 5% wt/ vol sugar: a-p-glycopyranoside for Con A, N-acetyl-D-glucosamine for WGA, N-acetyl-o-galactosamine for H Pomatia. D2-CAM was immunoisolated from both unbound and bound fractions as described above.
~2SI-Labeling by the Chloramine T Method: Brains from rats
postnatal day 4 were homogenized (1:10 wt/vol) in PBS-PMSF-aprotinin at 4"C. Membranes were centrifuged for 30 min at 10,000 g. Pellets were washed twice. Aliquots corresponding to ~10 mg wet weight tissue were labeled with l mCi of ~251-Na by the chloramine T method (22) .
Labeling with 1251-TID: Membranes were prepared as described above, except that PBS contained only aprotinin in the first wash. Aliquots corresponding to 25 mg tissue wet weight per milliliter were suspended in sodium phosphate buffer (0.005 M, pH 7.6). Membranes were iodinated by photoactivation for 30 s in a l-ml cuvette with constant stirring using 50 #Ci ~2SI-TID/ml membrane suspension (23) . The light source was a mercury lamp (OSRAM, HBO), which was focused by a quartz lens in the middle of the cuvette. Samples were quenched by adding BSA (1% wt/vol) and cooling on ice. Peptide Mapping: Gel slices containing individual SDS PAGE bands were excised and boiled for 5-10 min in SDS-PAGE sample buffer. Chymotrypsin (20 #g/ml) was added and the samples were submitted to electrophoresis on a 7.5-17.5% SDS polyacrylamide gradient gel containing EDTA (1 mM) as described by Cleveland et al. (24) . (1) is expressed as a percentage of the total trichloroacetic acid-precipitable radioactivity submitted to immunoelectrophoresis. Results are given as mean values ± SEM; number of experiments is given in parentheses. * The radioactivity detected in the A or B bands eluted from SDS gels is expressed as the percentage of the total in (A + B). Results are given as mean values of one to three determinations.
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RESULTS
D2-CAM Clycosylation in Fetal Neurons in Culture B I O S Y N T H E T I C L A B E L I N G W I T H R A D I O A C T I V E SUG-
radioactivity recovered in immunoisolated D2-CAM relative to radioactivity incorporated into total protein. There was a relatively high incorporation of mannosamine and fucose, less incorporation of glucosamine, and a low incorporation of mannose. This agrees with our previous finding that both A and B polypeptides are synthesized with high-mannose cores. These are later modified during transport through the cisGolgi compartment by the stepwise removal of glucose and mannose residues; complex glycosylation is completed in the trans-Golgi compartment by the addition of glucosamine, galactose, glucose, fucose, and sialic acid as described (25) . Our data show that the characteristic sugars present in Nlinked complex oligosaccharides are incorporated into D2-CAM A and B. The low incorporation of mannose probably indicates that neither A nor B, when fully modified, contains the high-mannose type of oligosaccharide chain. Approximately twice as much of each radiolabel was found to be incorporated into B, relative to A, which is similar to the distribution of [35S]methionine. Tunicamycin is a drug that prevents the formation of high-mannose cores and, hence, blocks complex N-linked glycosylation (26) . No labeling of A or B with [3H]glucosamine or [~4C]mannosamine was detected in the presence of tunicamycin (not shown), further indicating that the oligosaccharides on A and B are complex N-linked.
AFFINITY OF D2-CAM FOR VARIOUS LECTINS:
The affinity of biosynthetically [35S]methionine labeled A and B polypeptides to Con A, WGA, and H Pomatia was determined (Fig. 1 b) . It was found that both A and B were bound to Con A and WGA, whereas no binding to H Pomatia was observed. The ionophore monensin causes vacuolization of the Golgi complex and prevents the transit of membrane proteins from the cis-to trans-Golgj compartments without interfering with other cellular events, such as protein synthesis (27) . The effect of monensin on D2-CAM synthesis is shown in Fig. I c. Cells were labeled by a 10-min pulse with [35S]methionine followed by a 50-min chase period. Synthesis in the presence of monensin (Fig. I c, lane 2) , yielded A and B polypeptides seen by SDS PAGE as narrow bands of lower molecular weight than those of the corresponding control (Fig. I c, lane 1) . Hence, the increase in band width observed with increasing time ofposttranslational processing probably is due to complex glycosylation in the transGolgi compartment.
DEMONSTRATION OF POLYSIALIC ACID IN D2-
CAM: A polyspecific antiserum produced against polysialosyl chains purified from Escherichia coli (anti-PSA) (28) was employed to isolate polysialated glycoproteins from [35S]methionine-labeled cell extracts. A comparison between anti-PSA and anti-D2-CAM was performed by immunoprecipitation in gel, using crossed immunoelectrophoresis with intermediate gel (Fig. 2, a and b) . Solubilized membranes from perinatal rat brain was the antigen tested against anti-PSA in the intermediate gel and anti-D2-CAM in the upper reference gel; a control experiment was performed in which the anti-PSA was omitted from the intermediate gel. Fig. 2 a shows that anti-PSA was able to retract the D2-CAM precipitate from the reference gel, indicating that anti-PSA reacted with D2-CAM. To test whether anti-PSA reacted with molecules other than D2-CAM, the system was reversed, placing the anti-D2-CAM in the intermediate gel and anti-PSA in the upper reference gel (Fig. 2 b) . A small precipitate was observed with anti-PSA, in addition to the anti-D2-CAM precipitate (see arrow, Fig. 2b ). Thus, it appears that anti-PSA reacts with D2-CAM and, also, with a population of other antigens that are unrelated to D2-CAM. Isolation of glycoproteins with polysialosyl chains was performed by immunoelectrophoresis with anti-PSA or with protein A and anti-PSA. Several polypeptide bands were detected when biosynthetically radiolabeled anti-PSA immunoprecipitates were analyzed on SDS polyacrylamide gels (Fig. 2c ). Bands were detected in two regions with molecular weights corresponding to D2-CAM polypeptides A and B, indicating that these represent D2-CAM with polysialosyl immunoreactivity. The widths of the bands corresponded to the band patterns detected after prolonged biosynthetic ~abeling with [35S]methionine (cf. Fig. 1,  lane 3) . Anti-PSA also isolated other peptides, including four low-molecular-weight polypeptides (LMP). (Four similar [35S]methionine-labeled polypeptides with corresponding Mr of 42,000, 46,000, 52,000, and 58,000 were routinely observed previously (l) and in this study (Fig. I a, lane 3) , by immunoisolation with anti-D2-CAM antibody. From these experiments it appears that D2-CAM A and B are polysialated. However, other molecules from neurons are also apparently polysialated, as revealed by the additional bands detected by SDS PAGE and by the immunoprecipitation experiment shown in Fig. 2b .
Sulfation of D2-CAM in Fetal Neurons in Culture
35504 was incorporated into polypeptides A and B (Fig.   3 a) . The fraction of radioactive 35504 incorporated into D2-CAM compared with the amount incorporated into total protein was considerably higher than the incorporation of [35S]methionine into D2-CAM, Table I . The relative incorporation into B/A was 2. observed in the presence of tunicamycin, although a very slight labeling of the high molecular weight component was seen. Tunicamycin prevents the formation of complex Nlinked oligosaccharides, suggesting that D2-CAM sulfation may occur on the oligosaccharide chains. However, tunicamycin has been reported to prevent transport of N-CAM to the cell surface (29) . Hence, it may block D2-CAM sulfation by preventing transport through the Golgi apparatus.
To characterize further the sulfation of A and B, additional experiments were performed involving the digestion of 35SO4-labeled D2-CAM with the proteoglycan-specific enzymes chondroitinase ABC and heparinase. Neither of the enzymes had any effect on the sulfation of A or B, indicating that they are not proteoglycans. 35SO4-1abeled D2-CAM was also submitted to mild acid treatment (1 M HC1 for 30 min at 60"C), which has been shown to remove peptide-linked sulfate selection was found to be comparable to that seen in untreated cells, and both A and B were radiolabeled (data not shown). Thus, a complete block of protein synthesis, of N-linked glycosylation, or of intracellular transport via the Golgi complex does not interfere with phosphorylation, whereas removal of surface localized D2-CAM eliminates its phosphorylation. Thus, it appears that phosphorylation of A and B occurs at the plasma membrane. tively, but not oligosaccharide-bound sulfate (30) . This treatment removed all 35SO4 label from both A and B indicating that sulfation occurs on the polypeptide, rather than on the oligosaccharide, chains of A and B.
Intracellular Transport of D2-CAM
Phosphorylation of D2-CAM in Fetal Neuronal Cultures
I n o r g a n i c 32PO4 was incorporated into D2-CAM A and B (see Table I and Fig. 3 b) . The ratio of relative radioactivity detected in B/A was 0.85, which is lower than the ratio of 1.5 obtained with [35S]methionine. To determine the subcellular site of D2-CAM phosphorylation, labeling was performed in the presence of tunicamycin, monensin, or cycloheximide. (The latter reagent completely blocks protein synthesis in the concentration employed.) None of these inhibitors interfered with the overall incorporation of 32po4 into D2-CAM. Neither did they alter the relative labeling of B/A. The molecular weights of A and B were identical in all experiments and correspond to those of the fully modified A and B polypeptides. If however, neuronal monolayers were pretreated with trypsin to remove surface-localized D2-CAM, 32po4 incorporation was greatly diminished (Fig. 3 b, lane 3) . As a control to show that D2-CAM synthesis was unaffected by the trypsinization, cells were trypsinized and subsequently labeled for 2 h with [3SS]methionine. Total [35S]methionine incorpora-
TUS: D2-CAM has previously been shown to be initially synthesized with high-mannose cores, which can be detected by their sensitivity to degradation with the glycosidase, Endo H (1). This enzyme specifically degrades N-linked high-mannose cores with between 5 and 9 mannose residues; oligosaccharides with fewer or more mannose residues are not affected by Endo H. Because trimming of high-mannose cores to
Man3GlcNAc2 occurs in the cis-Golg~ compartment, we have examined the time course of the loss of sensitivity of D2-CAM to Endo H as a gauge of its transport from the endoplasmic reticulum to the Golgi complex (Fig. 4a) . Almost all of the polypeptides in the A and B SDS gel bands were sensitive to degradation with Endo H after a 10-rain pulse, whereas only part of each band was susceptible to degradation after a subsequent 10-min chase (i.e., 20 rain after synthesis). It can be seen that the lower molecular weight regions of A and B in the 10-min pulse/10-min chase sample were sensitive to Endo H treatment, whereas the higher molecular weight regions of the bands were unaffected. (Fig. 4b) . The intensity of both increased with the length of the chase period.
I N S E R T I O N OF D2-CAM IN THE PLASMA MEM-
BRANE: Perinatal rat brain membranes were labeled with 125I by the chloramine T method and by photoactivation with TID. The former method labels proteins in general, whereas photoactivation with TID selectively labels integral membrane proteins in their lipophilic domains (23) . Fig. 5 a shows that both A and B were similarly labeled with 125I by both methods. The percentage of radioactivity incorporated into the D2-CAM immunoprecipitate, relative to total radioactive protein, was found to be 0.17% with chloramine T and 0.01% with TID. The lower relative radiolabeling of D2-CAM observed with TID may indicate that hydrophobic domains of A and B comprise a relatively small portion of the polypeptides.
Selective Extraction of LMP
The LMP may represent D2-CAM fragments or distinct polypeptides that are attached to D2-CAM. An aliquot of [35S]methionine-labeled cell extracts was treated with SDS for 3 min at 100*C; subsequently an excess Triton X-100 was added and D2-CAM was immunoisolated. The relative radioactivity in three of the four LMPs was reduced (Fig. 5 b) by SDS treatment, therefore SDS treatment either detached these noncovalently linked polypeptides or, if they are D2-CAM fragments, destroyed their antigenicity. We also tried to separate the LMPs from D2-CAM under nondenaturing conditions: [35S]methionine-labeled cell monolayers were treated (Fig. 6 a) . A and B were synthesized at all ages examined. In addition, a polypeptide of Mr 115,000 (C) and one to three discrete polypeptide bands with Mr between 250,000 and 350,000, the high-molecular-weight polypeptides (HMr), were observed at all ages. Peptide mapping of the individual HMr, A, B, and C polypeptides was performed according to Cleveland et al. (24) . Similar chymotryptic degradation patterns for all four polypeptides were observed (Fig. 6 b) . No correlation was apparent between age and the size or number of different high-molecular-weight polypeptides. The molecular weight of polypeptides A, B, and C remained the same at all ages examined, although the widths of the A and B bands were found to decrease postnatally, which may reflect a decrease in glycosylation. The relative amounts of A and B decreased with age, while the relative proportion of C and HMr increased with age (Fig. 7) .
Explant cultures of forebrains from rats at embryonic day 17 and postnatal days 4 and 8 were labeled with [3~S]sulfate. Sulfation of A and B polypeptides was detected in tissue from embryonic day 17; C and HMr polypeptides were faintly labeled. Almost no sulfation was detected at postnatal days 4 and 8.
Finally, explant cultures of forebrains from rats at embryonic day 17 and postnatal days 4, 8, and 15 were labeled with inorganic [32p]phosphate. The A and B polypeptides were seen to be phosphorylated at all ages whereas no phosphorylation was detected of the C and HMr polypeptides. 
DISCUSSION
In this report we have characterized the glycosylation of D2-CAM polypeptides A and B. In addition, we have shown that A and B undergo two other posttranslational modifications, sulfation and phosphorylation, that have not previously been reported for D2-CAM. A model illustrating D2-CAM biosynthesis and intracellular transport is shown in Fig. 8 .
During D2-CAM synthesis in the endoplasmic reticulum, four to five high-mannose cores are co-translationally linked to asparagine residues on both polypeptides A and B (l). The high-mannose cores undergo a process of trimming in the cis- After the trimming of high-mannose cores, the complex oligosaccharide chains on A and B are built up during their passage through the trans-Golgl compartment. This includes the incorporation ofglucosamine, fucose, and terminal sugars, especially sialic acid. All polypeptides may not receive identical complex oligosaccharide chains, resulting in a final population of molecules with heterogenous sizes. This is observed in the synthesis of D2-CAM where broader molecular weight ranges are detected for A and B after 30 min of posttranslational processing. The partial binding of A and B to the Con A lectin may also be due to heterogeneity in glycosylation.
Monensin, which inhibits the cis. to trans-Golgl transport of A and B, prevents their complex glycosylation and the resulting size heterogeneity. A novel type of oligosaccharide modification, that involves the sequential linkage o f -2 0 0 sialic acid residues has been described in E. coil Recent evidence using an antibody raised against E. coli polysialic acid indicates that some proteins in rat brain contain up to four sialosyl residues in a similar polysialic a-2,8 ketosidic linkage (30, 31) . We have found that the A and B polypeptides from rat neuronal cultures are also immunoisolated by this antibody which suggests that both polypeptides are polysialated. How- ever, we cannot rule out the possibility that only one of the polypeptides might be polysialated, since both would be immunoisolated if they were joined by a noncovalent linkage. Additional evidence from biosynthetic labeling with mannosamine indicates that both A and B are sialated. The relative labeling of A and B with the different radiolabeled sugars was similar to that seen with [35S]methionine, suggesting an equivalent level of glycosylation, including sialation, of A and B. D2-CAM was found to be a highly sulfated protein, accounting for 2-4% of total sulfated proteins in cultured rat neurons. Sulfation occurred to A and B in the trans-GolgA compartment. The lability of the sulfate label under mild acid conditions (32) , indicates that it is linked to the A and B peptide chains, rather than to oligosaccharides. A and B do not appear to be proteoglycans as indicated by their resistance to chondroitinase ABC and heparinase and the absence of Olinked oligosaccharides.
D2-CAM appears on the cell surface -35 min after synthesis. Both A and B were shown to contain lipophilic domains with which they are inserted in the plasma membrane as integral membrane proteins. Phosphorylation occurs to both A and B when they are located at the plasma membrane. Polypeptide A was relatively more phosphorylated than B, as contrasted to amino acid or sugar incorporation. This suggests that A contains more sites for phosphorylation than B. Because phosphorylation is generally considered to occur on the cytoplasmic side of the plasma membrane, this may reflect a larger cytoplasmic domain on polypeptide A. Because phosphorylation plays a dynamic role in the regulation of several neuronal membrane proteins (33), the relatively higher phosphorylation of A may indicate different functional roles of the two polypeptides in cell-cell interactions.
A group of four LMPs were identified as being D2-CAMassociated. These polypeptides were invariably co-isolated with D2-CAM from [3~S]methionine labeled neuronal cell extracts in similar relative amounts and have Mr of 44,000, 48,000, 52,000, and 58,000. Previously these molecules were suggested as being degradation products of D2-CAM (1). However, LMP do not display several of the characteristic features of D2-CAM. They are not N-linked glycosylated, sulfated, or phosphorylated. They are not firmly attached to the plasma membrane, as indicated by their selective extraction with EGTA and lack of labeling with '25I-TID.
Trypsinization of intact cells did not alter the detection of these polypeptides (unpublished data). SDS treatment, however, did prevent their co-isolation with D2-CAM A and B. Our findings suggest that LMP are independent polypeptides that are noncovalently associated with D2-CAM and are thereby co-immunoisolated. This would explain their isolation by anti-PSA even though they apparently are not glycoproteins. Proteins with similar low molecular weight have been identified in neural tumor cell substrate adhesion sites and are thought to play a role in neural cell adhesion in vitro (13) . Some of these proteins have been tentatively identified as cytoskeletal elements (e.g., actin and 10-nm filament subunit proteins). Fibronectin has also been proposed to interact with extracellular matrix and cytoskeletal components, thereby playing a role in both cell adhesion and cell motility (34, 35) .
An explant culture system of rat forebrain was employed to study age-dependent changes in the biosynthesis of D2-CAM in tissue with preserved structure. Here D2-CAM was synthesized as several polypeptides: A (195,000 Mr), B (137,000 Mr), C (115,000 Mr), and one to three discrete HM, polypeptides (between 250,000 and 350,000 Mr). Previous reports have indicated that a decreased sialylation of D2-CAM/N-CAM occurs with increasing age (7, 36) . The reduced widths of the A and B polypeptide bands detected on SDS gels with increasing age probably reflect reduced glycosylation of these two polypeptides. The molecular weight of A synthesized in the fetal neuronal cultures was found to be 187,000 (1) which is significantly lower than the molecular weight of A determined in the explant culture system (using the lowest limit of SDS gel bands as a measure of molecular weight): the difference probably reflects further posttranslational modifications, especially glycosylation, of A in tissue with preserved structure. The molecular weight of B was found to be identical in the two systems. The C polypeptide was present in low amounts at embryonic and early postnatal ages; the amount of this polypeptide increased with age, relative to A and B. The C polypeptide is not observed in significant amounts in the fetal neuronal cultures. Neither is C detected in embryonic membrane extracts by immunoblotting, although C is detected by immunoblotting at later postnatal ages (3); D2-CAM has been demonstrated, not only in neurons, but also in astroglical cells (3, 37, Noble, M., M. Albrechtsen, C. M¢lle, J. M. Lyles, E. Bock, M. Watanabe, and U. Rutishauser, submitted for publication). Explant cultures are composed of a variety of cell types, predominantly neurons and glial cells. In that glial cells account for an increasing proportion with increasing postnatal age, the relative increase of C with age may reflect an increasing contribution of D2-CAM from glial cells. Alternatively, C may be derived also from neuronal cells and the relative increase of C could reflect an altering D2-CAM function during development.
HM, co-precipitates with the A, B, and C polypeptides during immunoisolation and exhibit similar peptide maps to A, B, and C, which indicates at least a partial identity of the different D2-CAM polypeptides. Th e relative biosynthesis of HM, was found to increase postnatally, comprising one third of immunoisolated D2-CAM at postnatal day 15. HM, thus accounts for a significant proportion of D2-CAM postnataUy.
The sulfation of D2-CAM decreased markedly during postnatal development. Decreased sulfation may be partially responsible for the age-related decrease in net charge observed as a decreased electrophoretic mobility of D2-CAM, which was previously only attributed to a decrease in sialylation (36) . Because it has been proposed (16) that the net charge of D2-CAM plays a role in its ability to function in cell adhesion, sulfation may be important for the developmental regulation of D2-CAM function.
A and B were found to be phosphorylated in explant cultures at all ages examined with no apparent age-related changes, in contrast to glycosylation and sulfation. No phosphorylation of HM, and C polypeptides was observed, even at ages where these are predominant species of D2-CAM. The difference in the phosphorylation of the different D2-CAM polypeptides may reflect differences in their functional roles.
Thus, the biosynthesis of the different D2-CAM polypeptides and their glycosylation and sulfation change with age. In contrast, phosphorylation does not appear to be altered with development indicating that this modification of D2-CAM, may be necessary for its functional role at all ages. We suggest that D2-CAM function may be regulated during development by variations in the relative amounts of the different D2-CAM polypeptides synthesized and by modifying their glycosylation and sulfation.
